ABSTRACT: Midshaft clavicle fractures are a very common occurrence. The current treatment of choice involves internal fixation with superior or anterior clavicle plating, however their clinical success and particularly patient satisfaction are decreasing. The implementation of intramedullary devices is on the rise, but data describing the intramedullary canal parameters are lacking. The aim of this study is to quantify the geometry of the clavicle and its intramedullary canal, and to evaluate the effect of gender and anatomical side. This study used three-dimensional image-based models with novel and automated methods of standardization, normalization, and bone cross-section evaluation. The data obtained in this study present intramedullary canal, and clavicle diameter and center deviation parameterized as a function of clavicle length as well as its radius of curvature and true length. Results showed that both right-sided and female clavicles were shorter and thicker, but only females showed a statistically significant difference in size compared to males (p < 0.0001). The smallest clavicle and intramedullary canal diameters were seen at different clavicle lengths (45% and 52%), suggesting that the narrowest region of intramedullary canal cannot be appreciated based on external visualization of the clavicle alone. The narrowing of the intramedullary canal is of special interest because this is a potential limiting region for surgical planning and intramedullary device design. Furthermore, the location and value of maximum lateral curvature displacement is different in the intramedullary canal, implying there exists an eccentricity of the intramedullary canal center with respect to the clavicle center. ß
Clavicle fractures are common, representing 2-5% of all fractures. Predominately seen in the young adult male population, 1 they are typically caused by traumatic events such as motor vehicle collisions (46%), falls (33%), and sports injuries (7.3%). 2 The most common site (82%) for fracture is the middle third of the clavicle. 1 Current treatment options for displaced mid-shaft clavicle fractures include fixation with superior or anterior clavicle plating. 2 However, external plating has been associated with post-surgical complications including infection, hardware malfunction, and fracture re-occurrence. 3 In addition, exterior plating is aesthetically problematic and uncomfortable, as the underlying hardware can be visualized and palpated from the outer skin surface.
Intramedullary (IM) fixation of mid-shaft clavicle fractures may be a feasible alternative to external plate fixation. Ordinarily, IM devices are used for the treatment of long bone fractures 4 whose size, shape, and morphometry enable relatively easy surgical insertion and can provide stable fixation. Complexity of the three-dimensional (3D) shape of the clavicle has been a limiting factor for such designs. A number of morphometric studies on the clavicle and IM canal have been performed but are limited by a few noteworthy shortcomings (Table 1) . Andermahr et al. 5 reported on radiographic measurements of cortical parameters taken on 206 clavicles and direct anatomical measurements of IM parameters taken on 10 cadaveric clavicles. Measurements of the IM canal were taken on seven normalized locations along the clavicular length using a caliper. The direct IM canal measurements might have potentially introduced error and a sample size of 10 clavicles may be inadequate for IM device design needs. Bachoura et al. performed 3D measurements of clavicles and IM canals on computed tomography (CT) scans of 22 cadaveric specimens, 6 and later acquired 3D measurements of 25 clavicles using a laser scanner. 7 Their first study reported average cortical thicknesses and IM canal area at three locations of interest (medial apex, lateral apex, and midpoint). Despite the true nature of 3D measurements utilized in this study, the limited number of measurements taken on a small sample size may not be sufficient for IM canal parametrization. Mathieu et al. 8 evaluated the IM canal morphometry of 10 male and 10 female clavicle CT scans. However, the methodology reported was not truly 3D as the measurements were taken in two orthogonal planes produced by the CT scanner. Furthermore, the position of the clavicle was not controlled for during scanning. King et al. 9 performed a study on 418 clavicles using CT scans and reported on IM canal parameters. Once again, the study was not truly 3D as the measurements were taken on a limited number of axial slices. Other studies 7, [10] [11] [12] [13] [14] that have performed true 3D morphometric analyses on the clavicle did not address measurements involving the IM canal or cortical bone thickness.
In order to increase the implementation of IM devices as a surgical treatment option for clavicle fractures, an improved understanding of the IM canal morphology is essential. Furthermore, the methodological approach implemented must utilize techniques that are able to eliminate potential sources of error related to patient position during CT scanning and operator bias throughout the measurement process. Utilizing automated methods solely dependent on clavicular geometry would provide clear improvements over previous methodologies.
This work aims to quantify parameters related to clavicle morphometry using an image-based, subjectspecific methodology. In addition, we compared our measurements with previously published work on clavicular morphometry. Most importantly, our goal was to offer surgeons, researchers, and implant designers parametrization of the clavicle and its IM canal, which, to our knowledge, will provide the most robust data set and 3D description of the IM canal size and shape.
MATERIALS AND METHODS
This basic science, retrospective, imaging study was determined to be exempt from review by the IRB committee of University of South Florida (Tampa, FL).
Study Population
All patients included in this basic science study had a CT scan of the shoulder taken as part of an unrelated diagnostic examination. All patients satisfied the following inclusion criteria: Entire clavicle (from lateral to medial end) in the field of view, slice thickness lower or equal to 1 mm, no congenital malformation of the clavicle, no acute or healed fracture of the clavicle or previous clavicle-related surgery, no indication of rheumatoid arthritis, and no metal present in the field of view. A clinical database (2010-2015) of the senior author was searched. A total of 104 individual clavicles from individual patients met the criteria, including 51 males (age range 33-82 years old, average 63.8 AE 11.0 years) and 53 females (age range 40-86 years old, average 66.8 AE 10.9 years). The study population consisted of 54 right clavicles (28 male, 26 female) and 50 left clavicles (23 male, 27 female).
CT Examination
All CT scans were performed on a GE Lightspeed QZ/i Helical Scanner (GE Healthcare, Waukesha, WI) in the supine position. CT images included in this study were acquired in an axial view with scanning parameters ranging from 0.625 to 1.0 mm slice thickness and 0.383-0.619 mm pixel size. The images were stored in Digital Imaging and Communications in Medicine (DICOM; National Electrical Manufacturers Association, Rosslyn, VA) format and then transferred to computers for analysis.
Segmentation
Using a standardized protocol, three distinct 3D models of each clavicle were created in Mimics v14.12 (Materialise, Leuven, Belgium) by the same operator. Firstly, for each clavicle the Hounsfield Unit (HU) value corresponding to the cortical bone of the clavicle was established as a threshold level separating the clavicle from surrounding soft tissue. Consequently, the entire clavicle was filled and a solid model was generated (Fig. 1a) . Secondly, HU values below the cortical level (corresponding to trabecular bone, IM canal, soft tissue, etc.) were used to create a non-cortical model (trabecular bone and IM canal) within the clavicle (Fig. 1c) . Finally, a third model was created using Boolean subtraction between the first two models. The IM canal was subtracted from the solid clavicle to generate the cortical bone model (Fig. 1e) . No voxel was included twice, nor missing from either model. All models were exported as volumetric models (Fig. 1b, d , and f) and as point-cloud surface models.
Coordinate System
A subject-specific coordinate system was established for each clavicle using a custom-written automatic algorithm (MAT-LAB, MathWorks, Natick, MA). Principal component analysis (PCA) was utilized on the volumetric model of the solid clavicle. The unique shape of the clavicle (s-shaped in the global (G) transverse plane view "[y G, z G ]" and relatively straight in global (G) coronal plane view "[x G, z G ]") yielded three principal components along the (i) longitudinal axis "z" (1st principal component); (ii) anterior-posterior direction "y" (2nd principal component); and (iii) superior-inferior direction "x" (3rd principal component) (Fig. 2a) . 
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Normalization
In order to compare the morphometric parameters of all clavicles within the study population the following normalization procedures were performed:
The geometric center "C" of the clavicle volumetric pointcloud was calculated for each subject. Subsequently, every clavicle model was translated from the global
) with the geometric center of the clavicle set at the local coordinate system's origin "LC" = [0,0,0]. Next, the first three components (PCA) constituting the orthogonal subject-specific coordinate system were aligned with the axes of local coordinate system as follows:
All left clavicles were inverted (mirrored) with respect to the plane "[x L, y L ]" set at "LC" along the 1st principal direction "z" (longitudinal axis) (Fig. 2c) . To account for variation in clavicle size across all individuals, clavicle length was normalized. A tightest-fit orthogonal bounding box was calculated around every normalized clavicle model. The vertical length of the box ("L z ") represented 100% of the clavicle absolute length. The box was further divided by one hundred planes (p (1) , . . ., p (100) ) perpendicular to its vertical length ("L z ") at increments equal to 1/100 of its absolute length ("L z "/100) starting at the top of the box on the sternal end of the clavicle (Fig. 3 ).
Circumscribed and Inscribed Circles
The morphometric parameters were evaluated on the normalized clavicle cortex and solid models. Circumscribed and inscribed diameters were measured as a function of normalized clavicle length at every 1/100 of its absolute length. Points lying between a pair of consecutive planes "p (K) " and "p (Kþ1) " for both the clavicle cortex and solid models were projected on the "p (Kþ1) " plane. The two-dimensional (2D) solid model points-projection was fitted with a tightest-fit circumscribed circle to measure clavicle cross section dimensions. The algorithm responsible for creating this circle first calculated the smallest convex set containing points in the Euclidean plane "p (Kþ1) " (convex hull envelope). Consequently, the smallest circle enclosing all points for this set was calculated under the condition that it must pass through at least three points and exclude none. The radius "r c " and center positions "C c " ¼ "[x Cc ,y Cc ,z Cc (func (L z ) Cc )]" for every point projection were recorded (Fig. 4) .
In similar fashion, the inscribed circle was calculated for every 2D cortex model points-projection using an automatic algorithm to find the maximum radius circle fitted inside the convex set of points. An algebraic circle fit 15 was utilized to calculate the inscribed circle radius "r i " and center position "c i " ¼ "[x ci ,y ci ,z ci (func (L z ) ci )]" for every point projection between 10% and 90% of clavicle absolute length "L z " (Fig. 4) . The initial and final 10% of the clavicle length were not considered as they do not represent IM canal, rather trabecular bone. Percentages were established empirically based on the difference in densities of the trabecular bone and the IM canal at the lateral and medial ends. 9 
Centerline Deviations
The clavicle centerline ("CL c ") is formed by the circumscribed circle centers ("C c "), while the IM canal centerline ("CL i ") is formed by the inscribed circle centers ("c i "). The deviations of both centerlines from the axis "z L " were measured in the transverse and coronal planes (Fig. 4) .
Radii of Curvature
The radii of curvature were measured at the centerline ("CL i ") between 10% and 90% of clavicular length ("L z "). The radii were projected onto the transverse ("[y L, z L ]") and coronal ("[x L, z L ]") planes and the inflection points in each plane were determined on the polynomial fitted to "CL i " dividing it into concave and convex segments. Using the least mean squares method on each of the "CL i " segments, the radii of curvature were calculated (Fig. 5 ).
Absolute and True Lengths
The absolute length of the clavicle "L z " was measured as the total vertical length of the bounding box (Fig. 3a) . The true length of the clavicle was measured for each subject along 
"CL c " (Fig. 5) by the cumulative sum of distances between adjacent centers "C c " from medial to lateral end of the bounding box.
Statistical Analysis
A priori power analysis was performed on clavicle diameter and IM canal diameter measurements previously reported by Mathiew et al. 8 and true clavicle length as previously reported by King et al. 9 Effect sizes (Cohen's d) for these previously reported parameters across genders ranged from 0.98 to 1.68. Expecting similar differences and variability with our 3D methodology and a power of 0.80, the minimum sample size requirement per experimental group to detect a difference as being statistically significant in measured clavicle morphology for the same parameters at the a ¼ 0.05 threshold was 18 patients. The minimum sample size per HUMAN CLAVICLE MORPHOMETRY comparative group used in the current study was 23, thus conferring an a priori power >0.80. Averages, standard deviations, ranges, minimum values, and maximum values were calculated for every studied parameter. A two-way analysis of variance and Tukey's post-hoc test were utilized (significance level alpha ¼ 0.05) to evaluate the effect of gender and side within each studied parameter. ShapiroWilk tests were performed for every studied parameter to determine if every studied parameter was normally distributed. In addition, the Pearson correlation coefficient was calculated to evaluate the correlation between true and absolute clavicle length, and medial and lateral radius of curvature.
RESULTS
Clavicle and IM Canal Diameters
The calculated diameter of circumscribed circles fitted along the clavicle was reported as a function of percent clavicle length, starting at the medial end of the clavicle (Fig. 6 ). There was an offset of 7% clavicle length between the average narrowest region of the clavicle (13.29 AE 2.05 mm) and the average narrowest region of the IM canal (3.82 AE 1.02 mm) (Fig. 6) . The narrowest diameter of circumscribed circles was significantly larger in males than in females (difference: 3.32 mm; p < 0.0001), and marginally larger in rightsided clavicles (difference: 0.72 mm; p ¼ 0.0513) ( Table 2) . Similarly, inscribed diameters were significantly larger in males (difference: 1.13 mm; p < 0.0001), and in right-sided clavicles (difference: 0.49 mm; p ¼ 0.0166) ( Table 2) .
Centerline Deviations-Circumscribed and Inscribed Circle Eccentricity The deviations of "CL i " and "CL c " in the transverse plane were divided into two segments, the medial and lateral. In the coronal plane, deviations of "CL i " and "CL c " were evaluated as a single segment. Average results as a function of clavicle length from the general population are presented in Figure 7 .
Medial segment in the transverse plane: Average maximum anterior centerline deviation of the clavicle was 8.05 AE 1.46 mm and it was significantly greater in males when compared to females (difference: 0.91 mm, p ¼ 0.0011). The average maximum anterior centerline deviation of the IM canal was 8.39 AE 1.54 mm. Similarly, there was a significant difference in IM canal centerline deviation between genders (difference: 0.94 mm, p ¼ 0.0014). However, there was no statistically significant difference when grouped by anatomical side for neither clavicle nor IM canal (clavicle difference: 0.04 mm, p ¼ 0.8872; IM canal difference: 0.04 mm, p ¼ 0.8892) ( Table 3 ). There was a 1% location offset between clavicle and IM canal maximum deviations (Fig. 7a) .
Lateral segment in the transverse plane: Average maximum posterior centerline deviation of the clavicle was 5.08 AE 1.42 mm. Average maximum posterior centerline deviation of the IM canal was 7.78 AE 1.54 mm. Regarding genders, the centerline of the clavicle was 1.08 mm more posteriorly displaced in males (p < 0.0001), and the IM canal was 1.33 mm more posteriorly displaced in males (p < 0.0001). There was minimal difference between left and right-sided models for both clavicle and IM canal centerlines deviations (clavicle difference: 0.31 mm, p ¼ 0.1254, IM canal difference: 0.04 mm, p ¼ 0.6001) ( Table 3 ). There was a 2% location offset between clavicle and IM canal lateral segment deviations (Fig. 7a) .
Segment in the coronal plane: Average maximum posterior centerline deviation of the clavicle was 3.31 AE 1.44 mm and for the IM canal was 3.77 AE 1.59 mm. There was a 5% location offset (Fig. 7b) . When grouping for gender, female clavicle centerlines deviated 0.27 mm more (p ¼ 0.3654), and their IM canal centerlines deviated 0.40 mm more than males (p ¼ 0.1881). There was minimal difference between left and right clavicle centerline deviations, with the left side being greater (difference: 0.24 mm, p ¼ 0.4479), and similarly, non-significant difference between IM canal centerline deviations (difference: 0.58 mm, p ¼ 0.9384) ( Table 4) .
Radii of Curvature
The average medial radius of curvature measured at the transverse plane ("[z L ,y L ]") was 91.20 AE 14.4 mm (56.88-139.85 mm). Male clavicles had significantly larger medial radius of curvature than females (difference: 7.45 mm; p ¼ 0.0048). Left sided clavicles had a Fig. 8) .
The average inferior radius of curvature measured at the coronal plane ("[z L ,x L ]") was 256.70 AE 113.05 mm (96.02-802.23 mm). Inferior radius of curvature results when grouped for gender and anatomical side are summarized in Table S-1.
Length of the Clavicle
Overall, the clavicle's true length was 14.86 mm greater than absolute length. This 9% increase was statistically significant in the general population as well as within each gender and side (p < 0.0001).
The average absolute length of the clavicles was 151.76 AE 11.66 mm (125.24-176.46 mm). The absolute length of female clavicles was 10% shorter than males (p < 0.0001). Right clavicles in the general population were significantly shorter (difference: 2.39 mm) than left (p ¼ 0.0259). In the male population, the absolute clavicle length was 3% shorter on the right side (difference: 4.86 mm; p ¼ 0.042). However, in the female population, the right side clavicle was only slightly shorter (difference: 2.52 mm; p ¼ 0.283) ( Table 6 ).
The average true length of the clavicle was 166.62 AE 12.55 mm (137.09-197.70 mm). The true length in females was also 10% shorter than in males (p < 0.0001). However, the true length showed a smaller difference between anatomical sides than the absolute length (difference: 1.54 mm; p ¼ 0.0992). The side differences within genders were not significantly different (side difference in males: 4.32 mm; side difference in females: 1.57 mm) (Table 6 ). Finally, clavicle true and absolute length were highly correlated (Pearson correlation coefficient 0.964, p < 0.0001).
DISCUSSION
The ultimate goal of this work was to develop geometry-based methodology to quantify the 3D morphometry of the clavicle and its IM canal, which may be further used to assist in pre-surgical planning for clavicle fracture fixation and may aid in the improved design of IM clavicle fixation implants. Primarily, parameters describing the size and position of the clavicle and IM canal cross section as a function of clavicle length, IM canal radius of curvature, and absolute and true lengths of the clavicle were measured. The relationships between all measured parameters were examined and correlated with respect to gender and anatomical side. To eliminate the subjectspecific bias induced by the operator and to perform a true 3D analysis, the methodological approach developed in this study utilized only 3D image-based models. As a result, the morphometric analysis was not limited to the position of the patient during the CT scan, but rather all measurements were taken with respect to the clavicle's individual geometry. All algorithms used were fully automated for evaluating each 3D model; thus, apart from initial segmentation, subsequent steps of the process eliminate operator bias.
The minimum diameters of the circumscribed circle around the clavicle and maximum diameters of the inscribed circles within the IM canal were seen at different clavicle lengths. This suggests that, on average, one may not estimate the location of the narrowest region of the canal based on external visualization of the clavicle alone. In addition, maximum IM canal centerline ("CL i ") deviation was found to be at different clavicle locations when compared to clavicle centerline deviation ("CL c "). Both of these findings imply that there exists an eccentricity of the IM canal center with respect to the clavicle center in the "y L " and "x L " Àaxes. This eccentricity or difference between circumscribed and inscribed centers exists because cortical thickness and shape are not consistent throughout any given cross-section (Fig. 9 ). This finding has design implications for IM devices, as the eccentricity tells us how close the device is to the surface of the bone and how thin the cortex is at any point around it. 5 With agreement to previously published studies, the difference between genders and laterality was confirmed. 5, [8] [9] [10] [11] [12] [13] However, the methodology used in this study yielded the largest clavicle cross-sectional diameter as a function of length. In contrast, numerus previous studies reported clavicle cross-sectional width and/or thickness which are orthogonal measurements in the sagittal plane 5, 9, [12] [13] [14] (Table S-2) . Similarly, our measurements of the IM canal diameter differed from previously published works by King et al., 9 Mathiew et al., 8 and Andermahr et al. 5 Reported differences (Table S- 3) are primarily due to the differences in methodology (Table 1; 2D CT-based measurements, and direct measurements on the finite number of pre-selected cross-sections of the clavicle). Notwithstanding the significance of previously published studies, this work offers a true 3D parametrization of the clavicle as a function of its length and as such may accelerate utilization of IM canal fixation. The IM canal radius of curvature is an important parameter for surgical planning with an IM device, as it represents the safest trajectory the device should take while being inserted through the clavicle. Our analysis showed not only the presence of two primary curvatures (medial and lateral) in the transverse plane, but also a secondary (inferior) curvature in the coronal plane. Results indicated that the inferior curvature, measured throughout the arc outlined by the clavicle IM canal centerline in the coronal plane (Fig. 5b) had an average radius of 256.70 mm with a standard deviation of 113.05 mm. As a radius of this size reflected on a short arc is relatively flat, for the purpose of planning an IM canal fitting and design of an IM device, the parameter was neglected. However, caution should be taken in pre-surgical planning as not all clavicles exhibit a single large inferior radius of curvature. According to Daruwalla et al. 12 and Viosin J 16 there is a small group of clavicles which exhibit in the coronal plane a smaller inferior radius of curvature at the lateral end with a superior curvature at the medial end (type II), and those which exhibit a superior curvature at the medial side only, the latter being far less common (type III).
To the best of our knowledge, the radius of curvature of the IM canal is a parameter that has not been previously reported. Prior studies, 7, 9, 12 have measured the IM canal angle of curvature by estimating straight lines through the center of the three sections (lateral, middle and medial) and measuring the angle between these lines. Bernat et al., 10 who calculated a true clavicle centerline, also did not measure the clavicle's radius of curvature. However, our IM canal radius of curvature can be compared to the outer-clavicle radius of curvature from previous studies. 5, [7] [8] 14 The medial outer-clavicle radius of curvature is consistently smaller (range of difference: 10-29 mm) than the IM canal radius of curvature measured in this study (Fig. 8) . On the other hand, outer-clavicle lateral radius of curvature from three studies 5, [7] [8] were larger (range of difference: 2-7 mm), and only one study 14 had a smaller lateral radius of curvature (difference: 5 mm).
Since 3D morphometric analysis is a requisite for identifying with high fidelity the different locations of clavicle and IM canal narrowing, a pre-operative CT scan and canal analysis would be warranted in preoperative planning and implant selection for fracture treatment with an IM device.
The overall length of the clavicle (absolute length) was 151.76 mm. This parameter was previously reported, [5] [6] [7] [8] 10, [12] [13] [14] 17 and the comparison of individual studies can be seen in Table 7 . The absolute length of In addition, we performed the measurement of the true clavicular length: The distance measured along the centerline "CL c ". Two studies 9, 10 previously reported on the true length of the clavicle (Table S-4) highlighting the significance of this parameter with respect to the optimal restoration of the post-fracture function. Clavicle shortening may have an adverse effect on overall kinematics of the gleno-humeral joint and may lead to a change in position of the scapula (scapular winging). 18 The average difference between absolute and true length of the clavicle in this study was 14.86 mm. It can also be concluded that a displacement of 2 cm noted on an X-ray may be underestimating fracture severity. Because of the clavicle's signature S-shape in 3D space, the dimensions of the bone are often misrepresented on 2-dimensional film. The true length of the clavicle is a better estimation of the bone's length as it takes into account the curvatures in 3D space, and suggests a longer region of bone overlap not appreciable on X-ray.
This image-based study was performed on CT images of living subjects, eliminating the possibility of post-mortem changes in size and shape. A noteworthy innovation of our study's methodology is its semiautomated design, which aids in eliminating biases that are often induced by the operator. The fully automated process starts once the volumetric and surface models are obtained and removes manual error and operator-induced subjectivity at every subsequent procedural step.
Our study has limitations. Firstly, our study population consists of a specific patient group diagnosed with upper extremity related issues (massive cuff tear and gleno-humeral osteoarthritis patients) who underwent routine diagnostic CT examination. Although the studied bones were examined for abnormalities and congenital malformations, the clavicles analyzed here may carry underlying changes in shape caused by shoulder pathology and old age. In addition to gender differences, one can speculate that individual body size is predictive of clavicle size. Unfortunately, due to the absence of demographic information (e.g, height, weight, BMI), the effect of patient size on clavicle morphometry was not addressed. Furthermore, the segmentation process is not automated and could therefore add operator-induced error into the clavicle models. However, we mitigated this error by allowing only a single operator to create the 3D renderings using a standard protocol. 11 In addition, the creation of 3D models from CT scans in Mimics has shown to be an accurate and reproducible process. 19 Our 3D modeling approach to analyze clavicular IM morphometry provides an objective representation of clavicle spatial geometry. Based on this data, an IM canal device with a maximum diameter of approximately 4.5 mm for males, 3.5 mm for females, and fabricated to match the curvature parameters reported here may serve as a viable alternative to external plate fixation of mid-shaft clavicle fractures. Using a statistical approach, the data distribution from this study grouped for gender and anatomical side can be used to find optimal IM device dimensions for various sizes (small, medium and large) for each subpopulation.
